Introduction
============

Matrix metalloproteinases (MMPs) comprise a family of structurally and functionally related zinc-dependent enzymes whose expression is tightly controlled by transcription levels, cellular localization, zymogen activation, and endogenous inhibition. MMPs directly modulate a wide variety of physiologic processes such as embryo implantation, bone remodeling, cell proliferation, migration, apoptosis, and nerve development through cleavage of bioactive molecules affecting these processes. Through proteolysis of matrix components and associated tissue remodeling, MMPs may affect multiple pathological conditions including neoplasia, inflammation, and vascular diseases [@B1]; [@B2].

By virtue of their proteolytic activity and ability to degrade nearly every component of the extracellular matrix, MMPs have long been considered as mediators of tumor invasion and metastasis. MMP-14 and MMP-9 were found to activate transforming growth factor- β (TGF-β) resulting in increased tumor proliferation and progression in lung cancer and murine mammary carcinoma cells, respectively [@B3]; [@B4]. MMP-14, MMP-1, and MMP-3 are involved in tumor cell trafficking in invasive fibrosarcoma and triple negative breast cancer cell lines [@B5]; [@B6]. Furthermore, MMPs can induce cancer invasion and metastasis through activation of a family of G-protein coupled receptor (GPCR) known as PARs (proteinase-activated receptors), by cleaving their extracellular domain. A fibroblast-derived MMP-1 was reported to promote breast cancer through activation of PAR-1 [@B7]; [@B8]. Based on the aforementioned roles of MMPs, efforts were made to develop synthetic MMP inhibitors for therapeutic applications. Many papers in the literature discuss the promising use of MMP inhibitors for treatment and prevention of stroke and atherosclerosis [@B2]; [@B9]; [@B10]. However, MMP inhibitors tested in oncology clinical trials were not successful partially due to the protective and anti-tumorigenic effects of certain MMPs at varying stages of cancer progression [@B11].

At the primary site of tumor growth, studies revealed protective effects of many MMPs at early stage of tumor development. In a squamous cell carcinoma mouse model, loss of MMP-3 caused elevated growth rate and disease progression as compared to wild-type controls [@B12]. Carcinomas originating in MMP-3 null mice were associated with reduced leukocyte infiltration, demonstrating a causal role of MMP-3 in host defense [@B12]. Another study was performed to determine the role of MMP-8 in tumor progression. MMP-8 deficient mice had higher incidence of developing skin tumors than their normal counterparts [@B13]. The induction of MMP-8 expression through bone marrow transplantation was sufficient to restore protection against tumor development [@B13]. MMP-12 provides another example of a metalloprotease exhibiting anti-tumorigenic effects. MMP-12 derived from tumor-associated macrophages was correlated with a less aggressive phenotype in squamous cell carcinoma, resulting in a better outcome [@B14]. Similarly, MMP-9 was shown to have a preventive role during the progression of tumors to the invasive state in transgenic mice [@B15]. The authors analyzed a mouse model of multistage tumorigenesis induced by HPV-16 oncogenes crossed into an MMP-9 deficient model [@B15]. They noticed that loss of MMP-9 in the transgenic mice caused reduced keratinocyte proliferation at all neoplastic stages and decreased incidence of invasive tumor. However, tumors arising in MMP-9 deficient mice were more aggressive, higher grade, and poorly differentiated [@B15]. As with invasion, some MMPs also proved to protect the host against subsequent metastasis [@B9]. Agarwal et al. found an overexpression of MMP-8 in a non-metastatic breast cancer cell line as compared to its metastatic counterpart [@B16]. Specific knockdown of MMP-8 in the non-metastatic line increased its metastatic ability [@B16]. Furthermore, studies on the intracellular function of MMPs revealed their contribution to apoptosis. MMP-3 caused a two-fold increase in the rate of apoptosis in malignant and premalignant hepatocytes when localized to the nucleus [@B17]. The suggested nuclear targets proteolyzed by MMP-3 include factors related to DNA repair and RNA processing [@B18]. Under oxidative stress, an intracellular MMP-2 isoform namely NTT-MMP-2 is formed in cardiomyocytes and is thought to activate mitochondrial-nuclear stress pathways causing a subsequent cardiac failure [@B19]. Therefore, understanding the complex and often paradoxical roles of MMPs in tumorigenesis will help develop better therapeutic strategies aimed at modulating, rather than merely inhibiting, MMPs.

MMP-26, also called endometase or matrilysin-2, is a partially characterized proteinase that was discovered by our group and others [@B20]-[@B23]. Structurally, it shares features with other MMPs such as a signal peptide, a propeptide domain with unique cysteine switch, and a catalytic domain [@B20]. However as observed with MMP-7 (matrilysin-1), MMP-26 has some atypical features, and is referred to as "minimal domain MMP*"* because it lacks the linker and hemopexin-like domain common to most family members [@B20]-[@B23]. Additionally, it is associated with the intracellular milieu---unlike most MMPs which are secreted into the ECM---suggesting unorthodox roles in cells and tissues [@B24]; [@B25].

MMP-26 is expressed in normal epithelium and carcinomas such as endometrium, breast, and prostate [@B20]; [@B25]-[@B27]. The levels of this enzyme fluctuate over the course of tumor progression, starting low in normal epithelium, increasing in neoplastic tissue, and ultimately decreasing as cancer progresses to more advanced stages [@B28]; [@B29]. Similar to other family members, MMP-26 was initially thought to promote tumor progression as its expression was upregulated in human prostate carcinoma when compared to normal or hyperplastic prostate [@B27]; [@B30]. However, recent evidence suggested a beneficial and protective role of this protease. MMP-26 was shown to play an anti-inflammatory role by downregulating IL-10RB and inhibiting MMP-9 in MMP-26 sense cDNA-transfected androgen-repressed human prostate cancer (ARCaP) cells [@B31]. Additionally, MMP-26-mediated proteolysis of estrogen receptor β (ERβ) resulted in favorable prognosis and longer survival of breast cancer patients [@B28]-[@B30]; [@B32]. Despite the increased appreciation of the important roles of MMP-26 in cancer over the past few years, its opposing effects in cancer progression warrant further investigation. Recent data showed that the ability of MMPs to affect apoptosis can be used to explain this conundrum. Many MMPs have been identified as critical enzymes with opposite roles in apoptosis [@B33]. However, the direct function of MMP-26 in apoptosis has never been evaluated. Whether this enzyme takes on a pro- or anti-apoptotic role is important, and may explain its anti-tumorigenic properties.

In this study, we report a novel, unexpected, and highly significant function of MMP-26 in apoptosis. ARCaP cell lines and prostate tissue sections were used to evaluate the expression of MMP-26 and apoptotic markers. Three variants of ARCaP cells were investigated in the study: parental ARCaP; MMP-26 sense-transfected ARCaP; and MMP-26 antisense transfected ARCaP. The correlation between MMP-26 and Bax expression levels in cell and tissue studies suggests a function of MMP-26 in apoptosis.

Materials and Methods
=====================

Tissues and Cell Culture
------------------------

Slides were cut from paraffin blocks of patients who underwent prostatectomy at the University of Colorado Health Science Center. Human Subject Institutional Review Board approval as \"not human subject research\" was obtained, according to COMIRB protocol \#10-0774. Androgen-repressed prostate cancer (ARCaP) cells were transfected with sense or anti-sense MMP-26 cDNA as previously described by Zhao *et al.*[@B30]. All cells were grown in low-glucose Dulbecco\'s Modified Eagle\'s Medium supplemented with 10% fetal bovine serum in a humidified chamber containing 5% CO~2~ at 37 ºC.

Western blot
------------

Western blot analyses were performed by lysing the cells with lysis buffer (30 mM Tris, 7 M urea, 4% CHAPS, and protease and phosphatase inhibitors ( Halt™ Protease and Phosphatase Inhibitor Single-Use Cocktail, EDT-free (100X), Prod\#78443, Thermo Scientific, Waltham, MA, USA), followed by vortexing for 1 hour and centrifugation for 15 min at 15,000 *g*. Protein extraction and quantification was done using microplate bicinchoninic acid (BCA) protein assay kit as described previously [@B34]. Aliquots of 25 µg of cell lysate were treated with sodium dodecyl sulfate (SDS) sample buffer and loaded onto a 10% polyacrylamide gel. The gel was electrophoresed at 50 V for 30 min, then at 100 V till the end of the separation. Proteins were then electroblotted into a nitrocellulose membrane at 50 V for 2 hours at room temperature. Following electroblotting, membranes were blocked with 5% bovine serum albumin (BSA) in Tris-buffered saline/Tween-20 (TBST) buffer. Detection was accomplished using 1:500 dilution of Bax antibody (cat \#2774, Cell Signaling, Danvers, MA, USA) and 1 µg/mL dilution of MMP-26 primary antibody established in our laboratory and directed against a peptide derived from MMP-26 metalloproteinase domain which has a sequence of Asp^188^-Lys-Asn-Glu-His-Trp-Ser-Ala-Ser-Asp-Thr-Gly-Tyr-Asn^201^selected from the pre-proenzyme [@B29]; [@B30]. All primary antibodies were prepared in 1% BSA. This was followed by incubation with horseradish peroxidase-conjugated secondary antibody against the appropriate species for 1 hour. Development of the bands was accomplished by the addition of a 1:1 ratio of Super Signal West Pico-Stable Peroxidase Solution and Luminol/Enhancer Solution (Pierce, Dallas, Tx, USA) and by using Kodak Scientific Imaging Film (cat \#1651496, Kodak, Rochester, NY, USA), Fixer and Replenisher/Developer and Replenisher (cat \#1901859, Kodak, Rochester, NY, USA) according to manufacturer\'s instructions.

Immunohistochemistry
--------------------

Immunohistochemistry was done using 16 benign, 9 HGPIN, and 16 human prostate cancer tissue samples. The procedure for all tissues was done on the Ventana NexES automated immunostainer platform at 37°C using the I-VIEW (Ventana Medical Systems, Tucson, Az, USA) enhanced DAB kit with the addition of an Avidin/Biotin Blocking Kit. Sections were retrieved in 10 mM sodium citrate/citric acid buffer (pH 5.8) for 5 minutes in a Biocare Decloaking chamber at 125°C (22 psi) and subsequently incubated for 32 minutes in a pre-diluted antibody from Ventana; the signal was amplified with a kit containing rabbit anti-mouse heavy and light chains (Amplifier A) and mouse anti-rabbit heavy and light chains (Amplifier B). The primary antibodies Bax (cat \#2774, Cell Signaling, Danvers, MA, USA) and MMP-26 (generated in our lab) were incubated for 30 minutes at concentrations of 1:100 and 1:150 respectively. A Lab Vision UltraVision LP Polymer Detection Kit (cat \#TL-015-HD, Thermo Fisher Scientific, Waltham, MA, USA) was used at half strength for detection. Incubation for 5 minutes with Cardassian DAB (Biocare, Concord, CA, USA) visualized the bound antibody. All slides were counterstained with Mayer\'s hematoxylin for 2 minutes and photographed using Olympus BH2 BHT microscope at 400× magnification. The average intensity of immunostaining in a specimen was semi-quantitatively rated by a pathologist from 0 to 3+ in 0.5 intervals. Ratings were assigned for cancer, benign acini, and prostatic intraepithelial neoplasia (when present).

Apoptosis Assay
---------------

Paraffin-embedded human prostate tissue sections were placed on positively charged microscope slides and were subjected to an apoptosis assay with a ApopTag Plus Peroxidase In Situ Apoptosis Detection Kit (cat \#S7101, Chemicon International, Temecula, CA, USA) using the protocol provided by the manufacturer. This kit labels apoptotic cells using indirect TUNEL assay through the modification of DNA fragments by terminal deoxynucleotidyl transferase (TdT) for detection of apoptotic cells. After the apoptosis assay, tissue sections were washed with PBS and immunostained with a basal cell phenotypic marker, cytokeratin 34βE12. Images were taken with an Olympus microscope at 100× and 400× magnifications.

Statistical Analysis
--------------------

Statistical analysis was performed using non-parametric Wilcoxon signed-rank test. The *p*-value for statistically significant results was set at 0.05.

Results and Discussion
======================

Matrix metalloproteinases (MMPs) are critical players affecting the commitment of cells to undergo apoptosis. Although caspases remain the ultimate executors of cell death, apoptosis can be triggered by the effective activation or inhibition of other proteases including MMPs [@B33]-[@B35]. Through proteolysis of biologically active intra- and extracellular substrates, MMPs profoundly influence cell fate and may play opposing roles in apoptosis [@B33]. Proteolytic cleavage of Fas ligand (FasL), a transmembrane stimulator of the death receptor Fas, by MMP-7 generates soluble FasL which induces either epithelial cell apoptosis [@B36] or tumor cell resistance to chemotherapeutic drugs [@B37]. MMP-2 and MMP-9 promote cell death during tissue remodeling while they decrease cancer cell apoptosis during tumor progression [@B33]. Moreover, expression of MMP-3 in transgenic mice increased the number of apoptotic cells following DMBA (7,12-dimethylbenzanthracene) carcinogen treatment [@B38].

Here, we have demonstrated that MMP-26 expression is positively correlated with the expression of the pro-apoptotic marker Bax. This correlation was statistically significant in ARCaP cell lines and human tissues. Western blot analysis of MMP-26 (Fig. [1](#F1){ref-type="fig"}A-C) showed high levels of the enzyme in MMP-26 sense-transfected ARCaP cells (*p*\<0.01) and low levels in MMP-26 antisense-transfected cells (*p*\<0.01) as compared to the parental control. Bax expression pattern (Fig. [1](#F1){ref-type="fig"}B-C) mimicked that of MMP-26 with highest levels in MMP-26 sense-transfected cells (*p*\<0.01) and lowest levels in MMP-26 antisense-transfected cells (*p*\<0.01). Immunohistochemical staining of 20 human prostate tissue sections corroborated the *in vitro* data. Interestingly, MMP-26 and Bax showed similar patterns of spatial co-localization and expression in adjacent sections (Fig. [2](#F2){ref-type="fig"}). Observed in the prostatic epithelia, MMP-26 was significantly higher in cancer than benign acini (*p*\<0.001) (Fig. [2](#F2){ref-type="fig"}A). Tissues with high-grade prostatic intraepithelial neoplasia (HGPIN) exhibited stronger immunoreactivity for MMP-26 than tumor tissues within the same specimens (Fig. [2](#F2){ref-type="fig"}C). The expression of Bax was also detected in prostatic epithelium in a pattern similar to that of MMP-26 (Fig. [2](#F2){ref-type="fig"}B and Fig. [2](#F2){ref-type="fig"}D). Bax was highly expressed in HGPIN and cancer as compared to non-neoplastic epithelium (*p*\<0.001). Moreover, Bax expression was the highest in HGPIN with significantly lower levels (*p*\<0.01) in cancer within the same tissue specimen (Fig. [3](#F3){ref-type="fig"}). The expression patterns of both proteins in the tissues were statistically significant (*p*\<0.01) except for MMP-26 expression in HGPIN and cancerous glands (Fig. [3](#F3){ref-type="fig"}), which may be attributed to the spatial and temporal proximity between these two stages of cancer progression.

To further confirm the relationship between MMP-26 and apoptosis, an *in situ* apoptosis assay was used to detect apoptotic cells by labeling and detecting DNA strand breaks via the indirect TUNEL method. Consistently, the high expression of MMP-26 in human prostatic intraepithelial neoplasia, the most likely prostate cancer precursor, was directly related to apoptotic cell availability. Cancer cells expressing MMP-26 were found to be undergoing apoptosis. In adjacent sections, staining was done for MMP-26 expression and apoptosis. The expression of MMP-26 was diffuse in most neoplastic cells (Fig. [4](#F4){ref-type="fig"}). Double immunostaining for the basal cell layer marker, cytokeratin 34βE12, and apoptosis showed that apoptosis was mainly seen in basal cells in benign glands with an intact basal layer (Fig. [4](#F4){ref-type="fig"}A-[4](#F4){ref-type="fig"}D), and they were observed in cancer with absent basal cell layers (Fig. [4](#F4){ref-type="fig"}I-[4](#F4){ref-type="fig"}L). In HGPIN where MMP-26 expression is the highest, the tissues showed higher immunoreactivity to apoptosis (Fig. [4](#F4){ref-type="fig"}E-[4](#F4){ref-type="fig"}H). Tumor cells expressing MMP-26 had positively stained nuclei suggesting that they were subject to cell death (Fig. [4](#F4){ref-type="fig"}).

Bax up-regulation is sufficient to induce apoptosis [@B39]. The positive correlation between MMP-26 and Bax suggests that MMP-26 might play a protective role in tumors by promoting apoptosis via Bax. Many human prostate cancer tissues and cells have TP53 mutations that inactivate the tumor suppressor p53 [@B40]. ARCaP cells have a stop codon mutation from CGA to TGA in TP53 gene (Ala196end) that does not produce a functional p53 protein [@B40]. Therefore, it is unlikely that MMP-26 promotes apoptosis via p53 pathway. The detailed molecular mechanisms that MMP-26 may facilitate apoptosis remain to be further investigated.

Conclusions
===========

Our results suggest a pro-apoptotic mode of action of MMP-26 in prostate cancer cells and tissues. This finding suggests a protective and anti-tumorigenic role for this protease in prostate cancer and can explain its high level in HGPIN and low level in the latest stages of cancer progression. Through induction of apoptosis, MMP-26 stimulates the selection of cells that are resistant to apoptosis. Whether the possible pro-apoptotic ability of MMP-26 that we have demonstrated in prostate cancer is tissue-dependent warrants further investigation. This will also include determining the mechanism of action of MMP-26 in the proteolytic cascade, the type of molecules involved in the process, and whether apoptosis occurs due to an upstream event activated by MMP-26 in the nucleus. These data have shifted the conventional view of MMP-26 as a major promoter of prostate cancer invasion and elucidated some of the beneficial roles of this protease in cancer progression. Deciphering more functions of this unique MMP may facilitate the design of more effective drugs to treat cancer patients.

The authors thank Dr. Kathleen C. Torkko in the Departments of Pathology and Epidemiology at University of Colorado, Denver, CO for statistical support. We are grateful to Dr. Leland W.K. Chung at Samuel Oschin Comprehensive Cancer Institute, Cedars-Sinai Medical Center, Los Angeles, for his continuous support to our prostate cancer research projects. This work was in part supported by grants from the Florida State University and an Endowed Chair Professorship in Cancer Research from anonymous donors to Dr. Sang.

![MMP-26 and Bax protein expression. Western blot of MMP-26 protein (A) and Bax (B) in parental ARCaP cells (P), sense MMP-26 cDNA-transfected cells (S) and antisense MMP-26 cDNA-transfected cells (A). GAPDH was used as loading control. C) Bar graph showing MMP-26 and Bax expression normalized to GAPDH. The error bar represents the standard error. The standard errors for MMP-26 expression are 0.0089 in parental ARCaP cells, 0.016 in sense MMP-26 cDNA-transfected ARCaP cells, and 0.0062 in antisense MMP-26 cDNA-transfected ARCaP cells. The standard errors for Bax expression are 0.014 in parental ARCaP cells, 0.017 in sense MMP-26 cDNA-transfected ARCaP cells, and 0.0062 in antisense MMP-26 cDNA-transfected ARCaP cells. \*\*: p \< 0.01.](jcav07p0080g001){#F1}

![Representative images of MMP-26 and Bax immunohistochemical staining in benign glands (thin arrow), HGPIN (thick arrow) and cancer glands (arrowhead). MMP-26 immunostaining was higher in cancer than benign glands (A) and more intense in HGPIN than in cancer (C). Similarly, Bax was more immunoreactive in tumor cells than in benign acini (B) and higher in secretory cells of HGPIN than in invasive cancer (D). Images 2A and 2B were taken at 100X magnification, 2C at 200X magnification, and 2D at 400X magnification.](jcav07p0080g002){#F2}

![Bar graph of MMP-26 and Bax expression using immunohistochemical staining of 16 benign glands, 9 HGPIN tissues, and 16 invasive prostate cancer tissues. Statistical significance is shown as error bars reflect the standard error of the data. \*\*\*: p \< 0.0001, \*\*: p \< 0.01 and \*: p = 0.5.](jcav07p0080g003){#F3}

![Correlation between MMP-26 expression and apoptosis. Paraffin sections from human prostate were assessed for MMP-26 expression (red) as shown in panels A, B, E, F, I, and J. The adjacent slides were double-stained for cytokeratin 34βE12 (red) and TUNEL apoptosis assay (brown) as shown in C, D, G, H, K, and L. Arrows show the apoptotic cells. Benign glands had moderate, diffuse MMP-26 (A-B) and rare apoptotic cells (C-D) with an intact basal cell layer. HGPIN had stronger MMP-26 staining (E-F) and a higher number of apoptotic cells (G-H). Cancerous tissue has lost the basal cells with lower MMP-26 expression (I-J) and frequent apoptotic cells (K-L). The same cancer cells with MMP-26 expression also appear to be undergoing apoptosis. Images on the left side were taken at 200X magnification and images on the right side were taken at 400X magnification.](jcav07p0080g004){#F4}
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